Abstract-A power allocation and single relay selection scheme is proposed to improve the outage performance for a wireless cooperative network with multiple energy-harvesting relay nodes. The optimization problem is formulated to minimize the system outage probability under the constraints of both relay joint maximum transmit power and individual energy limitation caused by energy-harvesting. By using Lagrange multiplier method and KKT (Karush-Kuhn-Tucker) conditions, the optimal transmit power of multi-relay can be solved. Taking into consideration that single relay is more feasible to implement in practical communication scenarios, a best relay can be selected by calculating the contribution factor of relay nodes. In addition, the lower bound of system outage probability is derived in this paper. Simulation results show that the proposed power allocation and single relay selection scheme can reduce system outage probability efficiently, and verify the conclusion of the lower bound of outage probability.
and conventional cooperative network, in the case of passive relay system, the relay node in the system does not have its own energy source, and it is necessary to collect energy from the received signal which is sent by source node. Since the available energy of relay node influences the subsequent information cooperative transmission directly, thus it is important to consider the current residual energy of the relay node in the power allocation and relay selection.
As the Radio Frequency (RF) signal can carry information and energy simultaneously, the energyconstrained relay nodes are able to receive information and collect energy at the same time [6] . The author of [7] proposed a power splitting-based relaying protocol for EH system, in which the relay nodes harvest energy from the received signals and use it as the transmit power to forward the signals to the destination node. In [8] , the authors analyzed the Symbol Error --Rate (SER) performance of an EH cooperative system with a simple relay selection scheme, where the selection is made on the basis of the current available energy and the instantaneous channel state information. A power allocation algorithm with the goal of maximum throughput under the scenario of single user and single relay was proposed in [9] . In this paper, both the source node and relay node work under the energy-harvesting model. In [10] , the authors considered a system model of two-hop and three nodes, and proposed an optimal power allocation scheme of the source node based on minimum outage probability, where the relay node has the function of energy-harvesting. However, this paper only took the power allocation of the stable power supply source node into consideration, without the consideration of the power allocation problem of the relay node. The authors of [11] investigated the optimal relay selection for EH systems using branch and bound algorithm and dynamic programming, where the relay selection is based on the relay's harvested energy and the largest relative throughput gain. A two-hop relaying system with direct link and multiple energy-harvesting relays was taken into consideration in [12] . After that, the authors gave the close-form expressions for the system outage probability, but the relay power allocation problem was not investigated.
In this paper, we consider a two-hop system with multiple energy-harvesting relay nodes and without direct link between source node and destination node. As a matter of fact, EH relay node plays a main role in the two-hop energy-harvesting cooperative network and affecting the whole system performance, thus, an optimization problem for minimizing system outage probability is modeled under both relay joint maximum transmit power and individual energy constraints. After that, the optimal transmit power of every energyconstrained relay nodes is obtained, and a best relay is selected by calculating the contribution factor of relay nodes in the case of meeting the requirements of the system performance, which is more effective to save the system energy consumption and have the advantages of simple realization. In addition, we derivate the lower bound of system outage probability. Simulation results show that the proposed power allocation and relay selection scheme can reduce system outage probability efficiently, and the conclusion of the lower bound of outage probability is verified.
The rest of this paper is organized as follows: In Section 2, the system model is presented. In Section 3, we formulate the optimization problem to minimize system outage probability and derivate the lower bound expression of system outage probability. In Section 4, the single relay selection scheme is proposed. Simulation results are presented and analyzed in Section 5. Finally, Section 6 concludes the paper.
II. SYSTEM MODEL
The two-hop multi-relay network model is shown in Fig. 1 , which is consist of one source node, one destination node and K relay nodes, denoted as S , D and (1 )
Assuming that there is no direct link between source node and destination node, and K relay nodes help forwarding the transmitted signal from S to D . All relay nodes operate in a half-duplex mode and cannot receive and transmit information simultaneously [13] . Time division duplex (TDD) transmission protocol is adopted in this model and the communication process between S and D is divided into two phases. In the first phase, source node S broadcasts its information to all relay nodes. In the second phase, K relay nodes amplify the signal received in the first phase and forward it to the destination node D . 
. The destination node uses maximal ratio combiner to combine the signals received from the K relay nodes [15] . After combination, the received signal can be obtained as 
According to [12] , the system outage event in energy-harvesting condition can be caused by two aspects, one is that the energy which is harvested by relay node 
where 0 R is the required transmission rate. Assuming that there is no direct link between source node and destination node, the expression of outage probability for energy-harvesting system is given by
where ex k p is called as energy-exhausted probability of relay node k R , which means k R cannot harvest enough energy to support the communication process.
Substituting (7) into (8), we have [12] 
So the optimization problem to minimize the system outage probability with a required transmission rate 0 R under the assumption of fixed source node transmit power s P can be formulated as 
where max P is defined as relay joint maximum transmit power, the energy harvested from source node by relay node k R donates as k eh r P [16] , which is given by III. POWER ALLOCATION SCHEME An optimal power allocation scheme based on minimum outage probability is proposed in this section. According to (9) and (10), and without loss of generality, assuming that the energy-exhausted probability of every relay node is equal, namely, 0 , 1, 2,...,
Then the optimization problem of (10) can be simplified as 
Note that the Lagrange multiplier 1  is selected to make the calculation and expression more convenient later in this paper.
Take partial derivation of (14) 
Proof: According to (9), we have the expression of outage probability
In the high SNR region, the second term of the expression will converge to zero, that is to say 2  0   2  2  2  2  0  0  0  0  2  2  2  2  0  , , , ,
So the lower bound of outage probability can be expressed as 
This conclusion can be observed more clearly in the fifth section.
IV. RELAY SELECTION SCHEME
In this section, we propose a single relay selection scheme. According to the third section, with the increase of the number of relay nodes, the system outage performance would be improved in a certain degree, that is to say, the more relay nodes there are, the lower outage probability the system has. Although the cooperation of multi-relay could achieve full diversity gain, it is required that all relay nodes maintain synchronization so that the design is difficult, and the energy consumption would increase with the increase of the number of relay nodes, and additional overhead would be introduced due to the synchronization requirements [17] . In practical application, the single relay cooperation algorithm is simpler and easier to implement, in the case of meeting the requirements of the system performance, it can save the energy consumption. Therefore, after the presented power allocation scheme, a single relay selection scheme is proposed in this section.
According to (9) , for a certain relay node k R , its contribution factor can be defined as [18] 
The smaller the contribution factor is, the better channel condition that relay node k R has, and vice versa.
We can obtain the optimal transmit power * k r P of relay node k R after the power allocation of all K relay nodes according to (19) , and the power value * k r P is brought into the (24) to calculate the contribution factor of the corresponding node. The best relay node which has the smallest contribution factor is selected to participate in the cooperation, so the single relay selection scheme can be described as
Taking the smaller value of the harvested energy of * k R and the relay joint maximum transmit power as the final transmit power of * k R , only the selected relay node will consume energy to forward messages while all others remain silent. The single relay selection scheme which is proposed in this section would meet the performance requirements of the system, and reduce the system energy consumption effectively at the same time, and it is convenient to implement in a practical application.
The proposed power allocation and relay selection scheme can be described as Table I. ©2016 Journal of Communications Proposition 1: As for the two-hop multi-relay cooperative communication model for energy-harvesting which is proposed in this paper, the outage probability has a lower bound ˆo ut Pr in the high SNR region. The lower bound value is closely related to the number of relay nodes K and the energy-exhausted probability The simulation parameters in this section are set just as in [18] . The required transmission rate is set as 0 1 R  , the distance between source node S and destination node D is 2. The relay nodes are uniformly distributed in the circle around the midpoint of S and D with radius 2. The channels between source node and relay nodes as well as relay nodes and destination node are modeled as Rayleigh fading channels. The channel coefficients are modeled as complex Gaussian variables, that is
hd , where d is the distance between node i and node j , 3 v  stands for the distance attenuation factor. Fig. 2 shows the comparison of the outage probability between equal power allocation (EPA) scheme and proposed optimal power allocation (OPA). Assuming that there are 1, 2, 4 K  relay nodes, the energy-exhausted probability of each relay node is equal, and that is 0.1, 1, 2,...,
, the energy conversion efficiency is 0.5   . It can be observed from Fig. 2 that in medium SNR region, the proposed optimal power allocation scheme can achieve about 3dB performance gain against the equal power allocation scheme. In high SNR region, with the change of the number of relay nodes, the outage probability close to obvious that when max P is small, the performance gain can be improved in a certain degree through increasing max P appropriately. But with the continued to increase the transmit power, there is hardly any improvement of the performance gain. This is because the transmit power of the energy-harvesting relay nodes is limited by the harvested energy. So if only increase max P unilaterally, the improvement of the performance gain is very little. Fig. 4 illustrates the change of energy conversion efficiency has an effect on the system outage performance. Assuming that there are 2 K  relay nodes as well, the energy conversion efficiency  is 0.1, 0.3, 0.5and 0.7, respectively, and the maximum transmit power max P remains unchanged. It is shown that the harvested energy by the relay node would increase accordingly when the energy conversion efficiency increases. So the system performance can be improved by increasing the transmit power of relay node appropriately. But because the maximum transmit power max P is fixed, the improvement of the system performance will be weakened with the increase of energy conversion efficiency, so if continued to increase the energy conversion efficiency of relay nodes, it will cause a certain amount of waste. The best single relay node which is selected in [19] is based on the end-to-end SNR value of destination node. From the figure we can see that in medium SNR region and there are 2 alternative relay nodes in the system, the proposed relay selection scheme can achieve about 4.0 dB gain over fixed single relay, and when there are 4 alternative relay nodes, the corresponding gain turns to about 6.0 dB, namely, the system outage performance can be improved by increasing the alternative relay nodes. In addition, the outage performance of the proposed scheme is much improved compared to the scheme which is proposed in [19] with similar computation complexity.
VI. CONCLUSIONS
In this paper, the two-hop scenario with multiple energy-harvesting relay nodes and without direct link from source node to destination node is discussed. We propose an optimal power allocation and relay selection scheme to minimize the system outage probability. The lower bound of outage probability is then obtained. The simulation results show that the proposed OPA scheme is superior to the EPA scheme on the performance, and the performance gain can be improved in a certain degree through increasing the joint maximum transmit power or the energy conversion efficiency of the relay nodes appropriately. Compared to the fixed single relay, the proposed relay selection scheme can reduce the system outage probability significantly. Moreover, the conclusion that the outage probability has a lower bound is verified.
